The Enos Gob Pile, located in Pike County, Indiana, is a 250-acre refuse disposal area emplaced prior to the August 3, 1977 enactment of the Surface Mining Control and Reclamation Act (SMCRA). Two passive treatment systems totaling approximately 64-acres were constructed in 2005 by the Indiana Department of Natural Resources, Division of Reclamation (IDOR) to treat AMD discharging from the refuse disposal area. IDOR, with the assistance of the OSM, Mid-Continent Regional Office (OSM-MCR) designed the passive treatment system at the site that includes: 1) addition of alkaline water (alkalinity = 242 mg/L) from adjacent pre-SMCRA mine impoundments, 2) construction of two vertical flow ponds (VFP) for additional alkalinity enhancement, and 3) excavation of a series of oxidation ponds and aerobic wetlands for metal precipitation. The system was designed to handle a large amount of acidic runoff during storm events (1.5 to 2.0 CFS). Underlying and surrounding the refuse pile is mine spoil with a generally favorable neutralization potential. As a result of that neutralization the water entering each VFP is relatively low in iron (19.2 mg/L) and total acidity (92 mg/L). However, the designers were required to consider the impact of a significant amount of Al (5.2 mg/L) on the life expectancy of the VFP. Post-construction evaluations are being assisted by the Indiana Geological Survey (IGS). These studies indicate nearly complete Fe removal by the system (total iron = 0.25 mg/L) and a net alkaline discharge (alkalinity exceeds acidity by about 65 mg/L). Although no specific structures were incorporated in the design for Mn removal, Mn is also being removed by the wetland system (3.7 mg/L in the VFP inlet, 0.23 mg/L at the system outlet). Improvements in metal removal occurred when aquatic vegetation developed. Additional studies will evaluate the reduction in system efficiency during winter months and a comparison of the alkalinity generated by the two parallel VFPs one with dolomitic limestone and one with high-calcium limestone, as an alkalinity source.
Introduction
The Enos Gob Pile is located at Enos Corner, Indiana 3.7 kilometers (2 mi.) north of the town of Spurgeon near Coe, Indiana in Pike County, Monroe Township, T2S, R8W, Section 36 on the Oakland City and Augusta 7.5-minute quadrangles (Fig. 1) The Indiana Department of Natural Resources Division of Reclamation (IDOR) has undertaken extensive reclamation and watershed-based water quality remediation in the South Fork Patoka River watershed. As of 2008, nine major projects with a total expenditure of $17,000,000.00 have reclaimed 1,500 acres within the watershed with a significant improvement in the water quality of the South Fork Patoka River.
Indiana has had a long mining history. Coal was extracted for riverboat use as early as 1812 (Spencer, 1953) . Shipping of coal from Indiana mines began as early as 1832 with a total coal production in 1840 of 9,682 tons (Weir, 1973) . Production increased rapidly during the 19 th century, with 500,000 tons produced in 1870 and nearly 4,500,000 tons produced in 1897 (Spencer, 1953) . Pike County is one of the oldest (local farm use began before 1838 in Pike County; Weir, 1973) and historically most important coal-producing areas in Indiana (Fig. 1) . In Pike County alone, between 1890 and 1953 over 83 million tons were produced from surface mines, which were supplemented by 8.6 million tons from underground mining (Wier and Stanley, 1953) . Indiana led the U.S. in strip coal production for many years during the early days of surface coal mining. Most mining in the South Fork Patoka watershed is by area-type, surface coal mining ( (Endress, 1999) . Interlake however, retained ownership of the gob pile surface rights. The 230-acre Enos Gob Pile was these companies between 1921 and May 3, 1978, pre-SMCRA (Fig. 3) . This pre-SMCRA deposit is the principle source of water quality problems at this site.
The abandoned, Enos Mine coal refuse pile generates, stores, and transmits acid mine drainage (AMD). The pile is a combination of coarse refuse (gob) and fine coal processing waste (slurry). Infiltration through this refuse pile conveyed the acid water to a series of seeps along a north-south trending drainage channel (Fig. 3) . This drainage collected in a 7.7-acre impoundment that was used by the successors of the Enos Coal Company--Old Ben and subsequently Zeigler Coal Company (1990) and then Kindill Mining, Inc. (1996) as a source of water for a large, coal preparation plant (the Old Ben No. 1/Kindill No. 1; (Endress, 1999) .
Between 1978 and 2006 these operations prevented this acidic drainage from discharging into the South Fork Patoka River by pumping excess water to a large, post-SMCRA slurry impoundment southeast of the pre-SMCRA Enos Gob Pile (Fig. 4) . This control measure however was terminated in 2006 under agreement with the IDOR and Kindill Mining. Because of the impending discharge of runoff from the Enos Gob Pile, IDOR conducted a hydrologic investigation to support remediation (AMD passive treatment system) with the assistance of the Office of Surface Mining, Mid-Continent Regional Office (OSM). 
Pre-Construction Hydrologic Investigation
In 2001, IDOR and OSM collected baseline water quality data from acidic discharges from the Enos Gob Pile, a dilution water source, and two monitoring wells. The two wells were also used to evaluate water table depth, soil conditions in the project construction area, and the stability of an existing freshwater impoundment structure. Following a delay in the project during 2002 due to permitting requirements additional water sample data was collected in 2003 to 2004; the results of these investigations are presented in Table 1 . Normally, AMD discharges from the gob pile in a series of diffuse seeps along the eastern and northern base of pile. This seepage is collected in a 2,000-foot canal built by the mine operators which drains into a large (7.7-acre) impoundment termed the "acid lake" (see Site 298D Fig. 3 and Fig. 4 During periods of higher rainfall, impoundments within the slurry cells coalesce and discharge highly metal-laden water into the acid lake. A smaller (1.9 acre) acidic impoundment, termed the "truck wash pond", also collects runoff and seepage from the Enos Gob Pile and discharges into the acid lake (Site 298F Fig. 3) . A large, nearby pit impoundment was also evaluated for use as a source of alkaline dilution water. This impoundment, which had previously served as a secondary fresh water source for the preparation plant, is an excellent source of dilution water with nearly 240 mg/L of CaCO 3 equivalent alkalinity (Table 1 ) and a low metal content. Note, however, that the dilution source contains elevated Ca, Mg, and SO 4 2-, which is characteristic of mine drainage in which acidic drainage was generated and subsequently neutralized by calcareous strata within the mine spoil.
The design team also estimated the quantity of runoff that would be created by rainfall events in an effort to determine the total contaminant load and the size of the water treatment and conveyance structures. The best method would have been to determine the amount of water pumped by the mine operator. However, pumping was not on a fixed schedule and pumping rate or discharge measurements were not available. In the absence of pump flow and/or discharge data, the passive treatment system design flow rates were based on estimating a water balance using on historic rainfall data and assumptions for infiltration rate and water balance and evapotranspiration. Runoff estimates as the result of this water balance-based estimate indicated that peak flows of 1.0 CFS (450 GPM) could be expected from a combination of runoff and groundwater discharge to the receiving water bodies (base flow, Table 2 ). This discharge would be supplemented by flow from the dilution water source controlled by a gate valve. 
Development of Passive Treatment Options
Two options were considered for the initial design of the Enos Gob Pile passive treatment system. Both options included dilution of the AMD by a controlled addition of alkalinity-bearing water from the pit impoundment to moderate the AMD prior to wetlands-based passive treatment. This approach has been successfully employed at other AML projects in Indiana such as the Tecumseh project, AML Site 262 (Smith and others, 2003) . However, the mine operator also wished to use this fresh water in the event of re-activation of the coal preparation plant and water additions were limited to 0.5 CFS (225 GPM). Based on this quantity and runoff of 1.0 CFS (450 GPM) the system was designed to handle 1.5 CFS (675 GPM) combined flow. The high flow rate demanded a large size treatment system, when applying conventional passive treatment sizing criteria developed by the U.S. Bureau of Mines (Hedin and others, 1994) . In each option considered, the flow was partitioned to three parallel wetland systems and the impact of dilution on water quality is estimated in the analysis shown in Table 2 . Median baseline concentration values for the acid lake and dilution water source are multiplied by the flow rate and a conversion factor to obtain contaminant loading in grams per day. These weights are then added and the concentration values back-calculated. Note that this estimate assumes all contaminants act conservatively, that is no geochemical and biologic-induced changes will occur in water chemistry due to the mixing. This estimate shows that the addition of the alkaline water at a rate of 0.5 CFS (150 GPM) nearly neutralizes the acidity contained in the AMD.
The two options considered were: Option 1, dilution with alkaline water and construction of large aerobic wetlands, and Option 2, dilution with alkaline water and construction of VFP and aerobic wetlands. These options will be discussed in detail.
Option 1: Dilution with Alkaline Water and Construction of Aerobic Wetlands: Due to the high flow rate and need for future cleanout of metal precipitates, three parallel systems was planned for the first stage (Fig. 3) . This system would be constructed in a floodplain area within a railroad loop constructed for shipping coal from the Kindill No.1 Wash Plant. A 2-acre mixing pond was required to distribute the flow to the parallel wetlands. The mixing pond is an existing mine impoundment located within the railroad loop and would be fed by AMD collected in the Acid Lake. A second stage of wetland treatment and a polishing pond were also planned for Option 1. (Fig. 5) . Option 2 addressed this concern by adding the secondary alkalinity source of a vertical flow pond in place of one of the three parallel aerobic wetland cells shown in 
Design and Construction of the Treatment System
Two separate contracts were necessary to construct the AMD passive treatment systems at the Enos Gob Pile: Enos Loop Wetland (Site 898), and the Enos East Wetland (Site 979).
Enos Loop Wetland (Site 898): As constructed, the treatment system replaced the three parallel wetlands shown in Fig. 5 with by two parallel vertical flow ponds. These cells are followed by a large oxidation pond and final polishing wetland system. Although site is approximately 30 acres in size, only two acres have actually been impacted by mining activities. The remainder was a 15-acre soybean field and a 13-acre abandoned agricultural field. The Indiana AML Program rarely impacts "undisturbed" land in the process of reclaiming AML sites, but in this case disturbance was necessary, because the area lies directly between the 230-acre coal refuse pile and the South Fork of the Patoka River.
The two VFPs were originally designed as conventional structures consisting of a limestonebedded, perforated PVC drainage system, and above that in sequence a limestone layer, an organic layer and finally water. Duplicate VFPs were constructed to facilitate future maintenance and to evaluate various alkaline materials. The West VFP was built in the conventional manner; the second, the East Cell, was constructed similarly, except that dolomitic limestone was substituted for the high-calcium limestone. This was done to test the theory that dolomite can reduce the problems of plugging due to gypsum formation that often plagues high-Ca limestone systems. This change was inspired by recommendations provided in Indiana SMART Grant awarded to the University of Cincinnati (Maynard and Helton, 2005) . Maynard and Helton found that under certain conditions gypsum (CaSO 4 ·2H 2 0) coatings form on limestone (calcite-CaCO 3 ) treatment. In an attempt to improve the overall effectiveness of these passive treatment wetlands, dolomitic limestone (containing calcite and dolomite -CaMg(CO 3 ) 2 will be directly compared to high-Ca limestone. Additional research has indicated that CaSO 4 ·2H 2 0 coating are occurring on limestone surfaces within some passive treatment beds or at a bench scale (Rimstidt and Huminicki, 2006) . This vertical flow pond is now part of a continuing research effort to try and improve future passive treatment installations and the relative effectiveness will be reported in future presentations by the evaluation team.
One additional change involved the selection of the compost layer material. During construction, suitable compost material was not readily available in this agricultural area.
However, bailed straw and hay was in abundance and was selected as the principal organic source. Wetland substrate included transplanted substrate from the Tecumseh treatment wetland.
That substrate served as the inoculants source for the establishment of sulfate-reducing bacteria (SRBs). The compost material was bulky and offered a relatively high hydraulic conductivity (Fig. 6) . The compost layer thickness (estimated 3-to 4-foot thick) was thicker than designed (approximately 2-foot thick) and most of the water layer is eliminated in the completed VFP cells (Fig.7) .
Enos East Wetland (Site 979): Shown in Fig. 5 as the "Canal Aerobic Wetland," a series of aerobic wetlands were planned along the eastern side of the Enos Gob Pile. The "Enos East Wetlands" is a series of wetland cells in place of the old canal that collects the AMD from the eastern and southern part the gob pile. This wetland is intended remove some of the Fe before the vertical flow ponds in the Enos Loop Wetland (Fig. 7) . This wetland is a large structure, covering approximately 16 acres (linear-shaped series of impoundments in the center of Fig. 8 ). Water is fed into the wetland system in the upstream (southern) end by two AMD sources. The East Ditch collects AMD from the east side of the gob pile while the West Ditch collects AMD from southern and southwestern part of the gob pile.
Fresh dilution water, regulated by a rebuilt gate valve an a new weir structure enters the wetland system from the impoundment that lies to the southwest. Other Reclamation Activities at the Enos Gob Pile: One of the greatest challenges encountered during this project surfaced during the permitting process. As previously mentioned, a 13-acre portion of the Enos Loop Wetland construction area was a 13-acre abandoned agricultural field.
Apparently, the reason the area was no longer farmed was because the ground was so wet, which is not surprising being so proximal to a river. Following abandonment, the former cropland became overgrown with shrubs and small trees. A wetland determination was subsequently conducted and because of the existing vegetation and hydric soils present, the Army Corps of Engineers classified this 13-acre field as a shrub/scrub wetland. As a jurisdictional wetland, this area was to be protected under both Sections 401 and 404 of the Clean Water Act (CWA). And even though IDOR was actually proposing to build a wetland within a wetland (see the foreground area of Fig. 7) , this construction would have changed the "form and function" of the existing wetland, requiring mitigation.
Fortunately, IDOR has good working relationships with both the local Army Corps of Engineers Field Office and the Indiana Department of Environmental Management, the agencies that administer CWA Section 404 (Dredge and Fill) and Section 401 (State Water Quality Certification), respectively. Both agencies realized that our goal was to protect water quality within the South Fork Patoka River, which is consistent with their goals. A highly cooperative effort ensued and a set of mutually agreeable plans were developed that allowed IDOR to complete the construction of this passive treatment system. In addition to the Enos Loop Wetland (Site 898) and the Enos East Wetlands (Site 979) one additional reclamation effort is ongoing at this site. The Enos Gob Pile, Site 978, is a fine coal recovery operation that, in the process will: 1) reclaim the entire refuse pile following fine coal refuse removal, and 2) construct a 26-acre (2:1) mitigation wetland in a former slurry cell in the southeastern corner of the Enos Gob Pile (Fig. 7) . This wetland was required as part of the permitting process with the Army Corps of Engineers and the Indiana Department of Environmental Management as mitigation to offset impacts to undisturbed wetlands in the Enos Loop Wetland area.
Post-Construction System Evaluation
Both the Indiana Geological Survey (IGS) and OSM-MCR are assisting in the postconstruction evaluation. These studies indicate nearly complete iron removal by the system (total iron = 0.25 mg/L) and a net alkaline discharge (alkalinity exceeds acidity by about 65 mg/L). Although no specific structures were incorporated in the design for Mn removal, Mn is also being removed by the wetland system (3.7 mg/L in the VFP inlet, 0.23 mg/L at the system outlet). This is consistent with the understanding that aerobic wetlands are capable of removing Mn to low levels once iron is removed from the discharge. Improvements in metal removal occurred when aquatic vegetation developed. Aluminum is being entirely removed in the vertical flow ponds. Median Al concentration at the inlet (the Acid Lake and connected 2-acre forebay pond) is 3.34 mg/L with discharge levels between 0.25 and 0.43 mg/L (Table 3) . Due to the limited number of complete samples collected and seasonal performance variations the median values presented in Table 3 are not representative of the performance of the treatment system. Data collected a detailed evaluation in July 2007 by the IGS and IDOR illustrates treatment system performance (Table 4 , Fig. 9 -11 ). This data shows complete Al removal as the pH increases above 4.5 (Fig. 9) . It is hoped that due to the anaerobic conditions in the thick compost layer that Al is being removed within the compost as SO 4 2-minerals such as the hydrated aluminum -potassium sulfate mineral alunite [(KAl(SO 4 (Gusek and Wildeman, 2002) . Because K is relatively low in the mine drainage (median = 8 mg/L) the Na equivalent, natroalunite, may also form. Sodium concentration is somewhat higher in the AMD (median = 41 mg/L). A high rate of metal removal has been observed by this system to date. Both Fe and Mn are removed to near or below detection limits (Tables 3 and 4 , Fig. 10 ). The excess alkalinity and large oxidation cell and wetland areas allow complete removal of major coal mining metal contaminants (Fe, Mn, and Al).
As anticipated the limestone VFP produces considerably more alkalinity than the dolomitic limestone cell (Tables 3 and 4 
Conclusions and Lessons Learned
Due to the extensive coal mining in the middle of the last century, the South Fork Patoka 
